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Abstract: Squeezed supersymmetric spectra are challenging for the LHC searches
based on a sizable missing energy and hard visible particles. One such scenario con-
sists of chargino/second-lightest neutralino NLSPs and a lightest neutralino LSP with
a relatively small mass gap (m(χNLSP)−m(χLSP) ≡ ∆ ∼ (10− 50) GeV). In this note,
we explore search strategies to better probe this parameter space. We focus on the 3`
+ EmissT channel arising from the chargino/second-lightest neutralino associated pro-
duction, and we investigate the role of a relatively hard initial state radiation (ISR)
jet. In addition to typical kinematic variables, such as the minimum lepton pair in-
variant mass, we propose an angular separation variable and two ratio variables which
capitalize on the main kinematic features; leptons stay relatively soft under the boost
from ISR and a sizable missing energy arises only in tight correlation with the ISR
boost. With 300/fb of data at the 14 TeV LHC, we expect to probe electroweakinos
up to 320 (700) GeV with ∆ ∼ 30 GeV and up to 220 (620) GeV with ∆ ∼ 20 GeV if
gauginos decay via gauge bosons (light sleptons). We emphasize that the 3` channel is
technically challenging for mass gaps below ∼ 12 GeV.
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1 Introduction
Low-energy supersymmetry (SUSY) is one of the main candidates for new physics (NP)
beyond the Standard Model (SM). It is an important focus of the LHC new physics
searches, which so far have only obtained null results in the 7+8 TeV run.
Light colored superparticles – squarks and gluinos – were thought to provide the
best potential for the discovery. However, in the first three years of LHC run, the LHC
searches have excluded first two generation squarks and gluinos with masses below
about 1 TeV [1–5]. On the other hand, electroweak particles – binos, winos, higgsinos –
might be much lighter than squarks and gluinos. Indeed, there are theoretical models
predicting such a spectrum; models of split SUSY [6, 7] and anomaly mediation [8, 9]
are the most popular examples. Therefore, bino, wino and higgsino, collectively referred
to as the electroweakinos, have become the obvious target for LHC searches.
LHC is setting bounds on the SUSY electroweak sector indirectly through the cas-
cade decays of squarks and gluinos [2, 3, 10]. However, these bounds are quite model
– 1 –
dependent and rely on having squarks and gluinos below the TeV scale. Additionally,
several direct searches for electroweakinos have been performed, for which the elec-
troweak particles are produced directly from Drell-Yan processes [11–13]. The sensitiv-
ities of such direct searches depend on the mixtures and masses of the electroweakinos
as well as on the possible existence of light sleptons. These searches can be generally
classified depending on the nature of the Lightest Supersymmetric Particle (LSP). If
the LSP is not a gravitino, typically the best sensitivity is expected from multi-lepton
channels coming from the decay of pair produced charginos/neutralinos [11, 12]. Here,
the typical signatures are trilepton, same-sign dilepton, four lepton and sizable missing
energy (EmissT ). If the LSP is a gravitino, additional signatures involving photons can
be viable [14–16].
Among the current multilepton searches, the best sensitivity is generally achieved in
the 3` channel [11, 12], although improvements can be obtained from other multilepton
modes for certain cases [12, 13]. In the 3` channel, the LHC sensitivity [11, 12] reaches
up to about 320 (720) GeV if NLSP gauginos decay via intermediate gauge bosons
(light sleptons) and the LSP is massless. However, going to more squeezed scenarios,
the final state leptons are softer and the missing energy is smaller. Therefore, it is more
difficult to successfully isolate the signal from the Standard Model backgrounds. For
example, for 30 GeV mass-gap between the chargino/second lightest neutralino and the
LSP, only gauginos up to 115 (250) GeV are excluded in this channel.
One known way to improve the search sensitivity to small mass-gap regions is to
utilize a hard initial state radiation (ISR) [17–25]. ISR photons were already used to
search for nearly degenerate gauginos at LEP [26–28]. At the LHC, the existence of a
hard ISR jet and the resulting boost of the NLSP gauginos usually lead to the monojet
plus missing energy topology. This signature is useful when the mass-gap is very small.
However, the sensitivity of the monojet plus missing energy search drops quickly when
the mass splitting becomes larger.
In this work, we investigate the role of a ISR jet in the search for gauginos with
moderate mass splitting m(χNLSP) − m(χLSP) ∼ (10 − 50) GeV. In this region, the
final state visible particles can be hard enough to be measured. They usefully encode
information of the small-gap decay kinematics. We will specifically work in the 3` +
EmissT channel arising from NLSP gaugino pair production.
The rest of this paper is organized as follows: In Sec. 2, we present the details
of our simulation of the signal and background processes. In Sec. 3, we discuss the
kinematic features that best distinguish the signal of the small-gap scenario from the SM
background. In particular we show the relevance of the minimum value of the invariant
mass of same-flavor opposite-sign leptons, the angular separation ∆φ(j1, EmissT ) between
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the missing energy and the ISR jet pT , and the ratio variables
EmissT
pT (j1)
and pT (`1)
pT (j1)
. In Sec. 4
we present the optimization of our analysis and the exclusion bounds we get on the
chargino parameter space, both at the 8 TeV LHC with 21/fb data and at the 14 TeV
LHC with 300/fb. We reserve Sec. 5 for our conclusions. Finally, for completeness,
we present two Appendices. Appendix A contains some more details on our event
generation, and Appendix B compares the kinematic variables in the case of heavy
sleptons and light sleptons.
2 Signal and background processes
We study the 3 lepton plus EmissT signature coming from the associated production of
a chargino and a second lightest neutralino, followed by the decays χ±1 → χ01`ν and
χ02 → χ01``. To have a easier comparison with the LHC searches, we follow closely the
ATLAS assumptions in [11]1. Namely, we assume that the LSP is bino-like and the
NLSP gauginos are mainly wino and degenerate in mass.
We consider two separate scenarios depending on how gauginos decay to leptons.
In the first scenario, gauginos decay via off-shell gauge bosons as
χ±1 → W (∗)χ01 → `νχ01, χ02 → Z(∗)χ01 → ``χ01, (` = e, µ). (2.1)
In this case, the relevant leptonic branching fraction of χ±1 χ02 is small about 1.5%, since
it is suppressed by the gauge boson leptonic branching fractions.
In the second scenario, we assume that the left-handed sleptons and sneutrinos are
light with masses given by m˜`
L
= mν˜ = (mχ±1 +mχ
0
1
)/2. Therefore, they give the main
contribution to the gaugino decays to first two generation sleptons
χ±1 → ˜`ν, ν˜`→ `νχ01, χ02 → ˜`` → ``χ01, (` = e, µ). (2.2)
The relevant leptonic branching ratio is much larger, BR(leptonic)∼ 0.3.
The main difference between the two scenarios is given by the leptonic branching
ratios. As discussed in detail in the Appendix B, the distributions for the kinematic
variables that we will utilize in this paper are quite similar in these two scenarios. For
this reason, we will simply use the first scenario to discuss the physics throughout this
paper. However, as leptonic branching ratios differ, in Sec. 4, we will present a separate
exclusion reach for the case of light sleptons.
The dominant irreducible SM background to the 3` + EmissT final state is the WZ
diboson production [11, 12]2. Additional backgrounds include other diboson produc-
tions of ZZ and WW , single- and pair-production of top quarks, and single W or Z
1Note that the CMS assumptions and analysis in [12] are similar.
2By WZ, we refer to all 3` production processes mediated by on/off-shell Z(∗) as well as by γ(∗).
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boson production in association with jets or photons. In our work, we consider only
the WZ process. The WZ process has a decay topology similar to that of the signal
as (`, ν) come from one side of the decay chain while (`+, `−) come from the other side.
The ATLAS analysis [11] shows in fact that other irreducible backgrounds generally
amount to at most ∼ 30% of the WZ background in all the relevant signal regions.
Along our discussion, we comment on how the ZZ background among others can be
suppressed in our work.
We model signal and background using MadGraph5 [29] interfaced with Pythia
6.4 [30] for parton showering. We allow up to one additional parton in the final state,
and adopt the MLM matching scheme [31]. We cluster jets using the anti-kT algo-
rithm [32] implemented in FastJet-2.4.3 [33] with a radius parameter R = 0.4. We
compute the NLO cross sections for the signal and the background processes using
Prospino [34] and MCFM [35], respectively. Furthermore, we normalize our back-
ground in such a way to match the background presented in the ATLAS paper [11]. In
Appendix A, we further validate our background event sample.
We do not carry out a specific detector simulation. However, it is important to take
into account the lepton identification efficiency and the lepton-photon isolation. In this
work, we use pT -dependent lepton identification efficiencies taken from Refs. [36, 37].
In particular, we note that the electron efficiency drops below 70% for peT . O(10)GeV
and instead the muon identification efficiency remains high (∼ 90% for pµT & 7 GeV).
In Appendix A, we collect the details of the lepton identification efficiency and discuss
the importance of lepton and photon isolation.
3 Kinematics of small-gap gaugino decays
The scenarios we are interested in are characterized by a small mass difference between
the mother and one of the daughter particles, with the other SM daughter particle
approximately massless. This configuration is realized when the NLSP gauginos are
close in mass to the LSP: ∆ ≡ m(χNLSP) − m(χLSP)  m(χNLSP). In this section,
we discuss the various kinematic features of this small-gap region that can be used to
distinguish the signal from the WZ background.
3.1 Basic kinematic variables
It is well-known that leptons coming from the decay in the small-gap scenario are soft.
The smaller the gap, the softer are the leptons. Fig. 1 shows this dependence on the
mass-gap for two benchmark scenarios with different mass-gaps: mχ02 = mχ±1 = 150 GeV
and mχ01 = 130 (100) GeV in blue (red). Soft leptons have been used as a discriminator
not only in theoretical studies [10, 24, 38] but also in LHC analysis [11]. However,
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Figure 1. Hardest lepton pT (left) and EmissT (right) spectrum at the 8 TeV LHC. The blue
(red) curve represents the scenario with mχ02 = mχ±1 = 150 GeV and mχ01 = 130 (100) GeV.
The black dashed line represents the background distribution. Curves are normalized to one.
The last bin contains all the events outside of the plot range. For illustrative purposes, we
only show events satisfying the Loose-pT baseline cuts with pT (`) > 7 GeV and pT (j1) > 30
GeV presented in Table 2.
for ∆ ∼ (30 − 50) GeV which is also part of the parameter space we are interested
in, the signal lepton spectrum becomes similar to the background lepton spectrum;
see the distribution in black on the left panel of Fig. 1. Unlike leptons, LSPs from
gaugino decays carry most of the gaugino’s energy-momentum as they are much heavier.
Nonetheless, events arising from small gap scenarios do not lead to a large missing
energy (EmissT ). The right panel of Fig. 1 shows that the EmissT from two O(100 GeV)
missing particles is not larger than the SM EmissT . This is because the two LSPs are
usually produced in back-to-back configuration.
The invariant mass of the same-flavor opposite-sign (SFOS) lepton pair, denoted by
mSFOS, is another useful variable. The invariant mass of SFOS leptons from Z boson
decays has a distribution peaked at mZ while, for small-gap scenarios, the SFOS pair
from neutralino decays is kinematically limited to have a small invariant mass forming
an edge at around ∆. Since mZ  ∆, vetoing events with large mSFOS is useful to
reject a large fraction of the background from on-shell Z decays, while still keeping a
large signal acceptance.
A complication arises when there are two possible SFOS lepton pairs. The AT-
LAS and CMS 3` gaugino searches [11, 12] use the mSFOS closest to mZ , denoted
by mSFOS(Z), to choose a correct pair from Z boson decays. We find that an ad-
ditional useful variable is the minimum of all possible invariant masses denoted by
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Figure 2. Distribution for the two variables min(mSFOS) (left) and mSFOS(Z) (right)
presented in the text. min(mSFOS) has a clear edge at around ∆. The baseline cut on
min(mSFOS) is relaxed to min(mSFOS) > 2 GeV for illustrative purposes. The other details
of the plots are as for Fig. 1.
min(mSFOS)3. The min(mSFOS) has a clearer edge at ∆ than mSFOS(Z) (see Fig. 2
for comparison). This is because, for signal events, the correct pair invariant mass is
always smaller than ∆ ( mZ), whereas uncorrelated wrong pairs tend to have a larger
invariant mass closer to mZ . In Sec. 4, we will use a upper cut on min(mSFOS) to
better utilize the edge of small-gap signals.
We note, however, that focusing on events with small SFOS invariant mass is not
always advantageous. As shown in Fig. 2, the background also has an accumulation of
events at low invariant masses, mainly coming from the virtual photon process. On the
other hand, the signal distribution for min(mSFOS) peaks close to the edge at ∼ ∆.
Therefore, a lower cut on min(mSFOS) can also help rejecting the off-shell photon
background. Furthermore, excluding very small values for min(mSFOS) efficiently
suppresses the background coming from low mass hadronic resonances decaying to
leptons [11, 12].
3.2 Useful variables in the presence of the ISR jet
We now discuss the kinematics in the presence of an energetic ISR, j1. The most
significant effect is on the missing energy, which can be estimated as
− ~EmissT = ~pT (j1) +
∑
~pT (`), |~pT (`)| ∼ γE0` . (3.1)
For the signal, E0` ∼ ∆ and is small in the limit we are considering. Therefore, EmissT
is strongly correlated with pT (j1). On the other hand, for the background, the contri-
3min(mSFOS) has been used in a different context in Ref. [38].
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Figure 3. Right: EmissT /pT (j1) spectrum. Left: ∆φ(j1, E
miss
T ) spectrum. The other details of
the plots are as for Fig. 1.
bution from the second term of eq.(3.1) is also important, and thus the correlation is
weaker. To effectively encode this feature, we introduce a ratio variable EmissT /pT (j1)
in our analysis. The distributions for this variable for two signal scenarios and for
the background are shown in the left panel of Fig. 3. As expected from eq.(3.1),
EmissT /pT (j1) peaks at around 1 in the case of the signal. This feature is independent on
the overall SUSY mass scale and holds generically in the case of small gap scenarios;
thus, it can be used to search for a wide range of parameter space. We also observe
that, due to a partial cancellation between the pT of the ISR and those of the leptons,
the background distribution peaks at values smaller than one4.
Following the same argument, we can also conclude that, for the signal, the direc-
tion of the missing momentum is strongly correlated with (opposite to) the direction of
the ISR jet. The smaller the mass gap, the stronger the correlation, as the second term
in eq.(3.1) becomes less important. On the other hand, the correlation should be much
weaker in the background. All these features are clearly visible in the right panel of
Fig. 3. Therefore, ∆φ(j1, EmissT )5 defined as angular separation in the transverse plane
is another useful variable we can use to discriminate between signal and background.
Next, we consider the effect of the ISR on the kinematics of the leptons. As a rough
estimate, we have
pT (`) ∼ γE0` , γ ∼
√
p2T (j1)/4 +M
2
M
. (3.2)
For the signal, M = m(χNLSP) and E0` ∼ ∆. For the WZ background, we have
4We note that requiring a correlation between EmissT and the ISR pT significantly suppresses ZZ
backgrounds because the dominant source of EmissT is mis-measurement of momentum there.
5Ref. [20] has considered a similar variable in a different context.
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Figure 4. pT (`1)/pT (j1) spectrum. The other details of the plots are as for Fig. 1.
M = mW/Z and E0` = mW/Z/2. Since m(χNLSP) > mW/Z for the parameter space of
interest, we expect that, for a given pT (j1), the leptons from the background will get a
larger boost.
This observation leads us to consider a ratio variable between the ISR jet pT and
the lepton pT : pT (`1)pT (j1) (see Fig. 4 for the distribution). We note that, in order not to
loose much of the signal acceptance, the ISR we will consider in this work is not very
hard (pT (j1) & 30 GeV). Therefore, the boost is not a large effect on this variable, and
the performance of this variable alone is similar to that of a hard lepton veto. However,
when combined with the other variables we consider in this work, it performs better.
It is worthwhile to notice that the use of this variable is especially powerful at the LHC
high luminosity stage, at which, not being limited by statistics, we can devise a harder
cut on these variables. We will discuss this feature at the 14 TeV LHC with 300/fb
data in the next section.
4 LHC reach
4.1 Optimization for ∆ ∼ (30− 50)GeV at LHC8 21/fb
Based on the features of the small-gap region discussed in the previous section, we use
the following five variables to optimize our analysis
EmissT , pT (`),
pT (`1)
pT (j1)
,
EmissT
pT (j1)
, ∆φ(j1, E
miss
T ). (4.1)
A common lepton pT cut (pT (`)) is applied to all three leptons although more dedicated
cuts for each leptons could be derived. We do not include min(mSFOS) in the list
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because the lower and upper cuts on this variable are in large part determined by the
mass-gap of the benchmark considered.
We apply baseline selection cuts that are chosen to resemble the current ATLAS
baseline cuts [11]:
• exactly 3`: pT > 10 GeV, η < 2.5, min(mSFOS) > 12 GeV, and mSFOS(Z) < 81
GeV.
Most events passing these lepton cuts also pass the lepton trigger requirements used
by ATLAS [11]. Furthermore, we ask for a jet:
• ISR jet with pT > 30 GeV, η < 2.5.
In addition, we impose
• 18 GeV<min(mSFOS) < ∆. This cut is varied depending on the mass-gap ∆.
Note that we impose min(mSFOS) > 18 GeV, which is harder than the ATLAS’s
requirement of 12 GeV. The 12 GeV lower bound is applied to avoid the background
from low-mass hadronic resonances. As discussed in the previous section, some lower
cut can also be useful to additionally suppress the virtual photon background. We find
that 18 GeV is the optimal cut for mass gaps in the interval ∆ ∼ (30− 50) GeV.
The optimization is carried out to maximize the conveniently chosen significance
estimator
σ =
S√
B + (0.15B)2
(4.2)
where S and B are the number of signal and background events at a given luminosity.
In the denominator, the simple estimate of the statistical uncertainty,
√
B, and the
approximate systematic uncertainty attributed to 15% of the background are added in
quadrature. Furthermore, in the process of optimizing, we require at least 10 signal
events at a given luminosity to ensure minimal statistics.
In the following, we present the optimization for the scenario mχ±1 = mχ02 = 150
GeV, mχ01 = 120 GeV, denoted by “(150-120)”, at the 8 TeV LHC with 21/fb data. We
name these optimal cuts “Tight-pT cuts”:
EmissT > 20 GeV , pT (`) < 50 GeV ,
pT (`1)
pT (j1)
< 1.21,
EmissT
pT (j1)
> 0.64, ∆φ(j1, E
miss
T ) > 2.4.
(4.3)
The cut-flow for these optimal cuts is shown in Table. 1. In Table. 1, we also show the
ATLAS results that we obtain by simulating the ATLAS signal region named “SRnoZa”
in Ref. [11]. The ATLAS SRnoZa selection is in fact the one that is most sensitive to
– 9 –
(150-120) cuts S S
B
S√
B
S√
B+(0.15·B)2
pT (`) >10 GeV, pT (j) >30 GeV, 18 0.17 1.8 0.97
Tight-pT baseline min(mSFOS) > 18 GeV,
mSFOS(Z) <81 GeV
min(mSFOS) < ∆ 17 0.47 2.8 2.1
Tight-pT ∆φ(j1, EmissT ) > 2.4 14 0.91 3.5 3.1
cuts EmissT /pT (j1) >0.64 12 1.4 4.1 3.7
EmissT > 20 GeV , pT (`1) < 50 GeV
pT (`1)/pT (j1) < 1.21
11 1.7 4.3 4.0
ATLAS search [11] SRnoZa 17 0.32 2.3 1.6
Table 1. Cut-flow with Tight-pT cuts for the (150 − 120) benchmark at the 8 TeV LHC
with 21/fb data. The ATLAS results from the SRnoZa selection, the signal region most
sensitive to the small-gap region, is also shown for comparison. In particular, SRnoZa requires
mSFOS(Z) < 60 GeV, min(mSFOS) > 12 GeV, EmissT > 50 GeV and either E
miss
T < 75 GeV
or mT (W ) < 110 GeV or pT (`3) < 30 GeV.
small gap scenarios. As we can observe from the table, our cuts can improve the ATLAS
results. Interestingly enough, even the lower and the upper cuts on min(mSFOS) alone
can already improve the ATLAS results. The additional variables associated to the
ISR jet can give a larger enhancement of the signal significance.
Although the optimal cuts for a benchmark scenario are not optimal in the entire
parameter space under consideration, we use the ones obtained for the (150 − 120)
benchmark to study the LHC reach with 21/fb 8 TeV data. The expected exclusion
reach using the Tight-pT cuts is presented in Fig. 5, both for the model with heavy
sleptons (left panel) and the one with light sleptons mediating the leptonic decays of
the gauginos (right panel). As discussed in more detail below, a useful measure of the
power of our method is the ratio of the signal significance obtained by using our cuts
and the one by using ATLAS cuts. These are shown in the left panel of Fig. 5 for some
representative points in the parameter space.
Before closing this section, we elaborate on how we arrived to the estimation of the
reach. We have made several simplifications in our simulation. As explained above,
we have only simulated the WZ background, while ignoring the other irreducible and
reducible backgrounds. Furthermore, we did not carry out a detailed detector simu-
lation. To partially take into account these additional effects, we follow the following
procedure. To determine which region of parameter space can be probed at a given
luminosity, we compare the signal significance obtained using our cuts to the one we
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Figure 5. Expected exclusion reach with “Tight-pT cuts” at LHC8 21/fb. The two scenarios
shown are gaugino decays via gauge bosons (left) or via on-shell light sleptons (right). We
present the expected reach using our cuts in blue, and the ATLAS official boundary in red
for comparison. In the left panel, we also show the ratio of our significance to that of ATLAS
SRnoZa. The solid gray line is for mLSP = mNLSP, and the dashed gray line is where ∆ = 12
GeV.
obtain by simulating the ATLAS analysis for points at the boundary of its exclusion
region. We find that a constant significance of σ ' 3.5 approximately reproduces AT-
LAS’s official boundary in small-gap region both in the case of heavy and light sleptons.
Therefore, we estimate that scenarios with a signal significance about σ ' 3.5 under
our cuts will be approximately the limit we can expect to probe. For example, following
this criterion, we conclude that the (150-120) benchmark, which has σ ∼ 4, is close to
the border of our expected reach at the 8 TeV LHC with 21/fb data. This is how the
exclusion boundary in Fig. 5 is obtained. However, we emphasize that this procedure
is just an estimate of the effects that we have not taken into account, as the efficiencies
and systematics can clearly depend on the particle spectrum. A more robust measure
of the improvement we achieve is the ratio of the signal significance obtained by using
our cuts and that obtained using the ATLAS SRnoZa cuts. This ratio is also presented
in the left panel of Fig. 5.
4.2 Challenges for smaller mass gaps ∆ . 30 GeV
The sensitivity of our analysis drops rapidly at smaller mass gaps ∆ . 30 GeV. For
example, for the scenario mχ±1 = mχ02 = 150 GeV, mχ01 = 130 GeV (denoted by “(150-
130)”) with ∆ = 20 GeV, the efficiency under baseline cuts is already only about
0.8% corresponding to 6 events at 21/fb. The biggest drop in efficiency is due to the
requirement of min(mSFOS) > 12 GeV and the cut on the pT of the leptons. On the
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other hand, small invariant masses and soft leptons were the characteristic features of
the small-gap region which successfully discriminated between signal and background.
Can we adjust the corresponding cuts to more squeezed regions?
It might be technically difficult to relax the min(mSFOS) > 12 GeV cut since
this cut is needed to avoid low-mass hadronic bound states [11, 12]. Therefore, to
lower down the min(mSFOS) cut one should take into account this additional source
of background. We do not attempt to follow this route. One possibility to avoid using
the min(mSFOS) variable would be to utilize a different final state not having SFOS
leptons. One such example is the same-sign dilepton channel. Although this channel
maybe useful in certain scenarios, we focus on the three-lepton final state in this paper.
Being able to use softer leptons can also enhance the sensitivity. But, lower thresh-
olds of lepton momentum are usually avoided because lepton identification becomes
inefficient while the jet fake rate increases. Electron efficiency especially drops below
70% for pT . O(10)GeV [36] (see more in Appendix A). Furthermore, leptons are
currently used in the trigger of the analysis, too. The ATLAS 3` analysis [11], for
example, uses lepton triggers based either on a single hard lepton of pT ≥ 25 GeV or
soft dileptons with pT ≥ 14 GeV , or pT ≥ 10 GeV − 18 GeV in the case of muons
and pT ≥ 10 GeV − 25 GeV in the case of electrons. Thus, it is not clear whether the
analysis can be easily adapted to use softer leptons.
4.3 Prospects at LHC8 and LHC14 with relaxed lepton pT thresholds
Despite of these difficulties, it might still be feasible to use softer leptons in the analysis.
Ref. [39, 40], for example, examined whether softer pT (`) thresholds can still suppress
fake backgrounds and can be used in the 3` channel. Leptons as soft as (4-7) GeV are
suggested in these analysis. Furthermore, the lepton trigger may also be replaced or
supplemented by the relatively hard jet that is required in our analysis. We also note
that muon identification efficiency is still high (& 90%) for muons as soft as 7 GeV with
a low fake rate of O(1)% [37]. This feature may also suggest an analysis based on the
requirement of at least two (soft) muons.
In this subsection, we discuss the effects of using softer leptons at both the current
LHC dataset and at the 14 TeV LHC. We first study the exclusion reach from the
current dataset of 21/fb at LHC8, if the lepton threshold is relaxed to pT (`) > 7 GeV.
In particular we optimize the variables in eq.(4.1) for the (150-130) benchmark scenario.
Since in this case the mass gap is very small, we also find it useful to relax the baseline
cut to min(mSFOS) > 12 GeV (instead of 18 GeV). We find the following “Loose-pT
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150-130 cuts S S
B
S√
B
S√
B+(0.15·B)2
Loose-pTbaseline pT (`) >7 GeV, pT (j) >30 GeV, 16 0.093 1.2 0.55
min(mSFOS) > 12 GeV,
mSFOS(Z) <81 GeV
min(mSFOS) < ∆ 14 0.24 1.8 1.2
Loose-pT ∆φ(j1, EmissT ) >2.5 12 0.52 2.4 2.0
cuts EmissT /pT (j1) >0.64 11 0.72 2.8 2.4
EmissT > 20 GeV , pT (`1) < 40 GeV
pT (`1)/pT (j1) < 0.9
10 0.88 3.0 2.6
ATLAS search [11] SRnoZa 4.4 0.08 0.60 0.40
Table 2. Cut-flow with Loose-pT cuts for the (150− 130) scenario at LHC8 21/fb. The other
details of the table are as described in Table 1.
cuts” to have the highest significance for this benchmark
EmissT > 20 GeV , pT (`1) < 40 GeV ,
pT (`1)
pT (j1)
< 0.9,
EmissT
pT (j1)
> 0.64, ∆φ(j1, E
miss
T ) > 2.5.
(4.4)
These cuts are similar to the Tight-pT cuts found in Sec. 4.1. The main difference is the
lower lepton threshold, pT (`1) < 40 GeV instead of pT (`1) < 50 GeV. The corresponding
cut flow is displayed in Table. 2, and the expected reach with the current LHC dataset
is shown in Fig. 6. Comparing Fig. 6 to Fig. 5, we observe that relaxing the lepton
threshold allows to better probe the small-gap region close to ∆ = 12 GeV. After the
Loose-pT baseline cuts, in fact, the signal efficiency is ∼ 2.3%, to be compared with the
∼ 0.8% we obtain with the Tight-pT baseline cuts. However, as already noted, we also
observe that it is still difficult to probe the ∆ . 12GeV region due to the inevitable
loss of signal efficiency from the cut min(mSFOS) > 12 GeV.
At the 14 TeV LHC with 300/fb data, signal and background rates are much higher,
and the optimization of the cuts yields somewhat different results. Using pT (`) > 7
GeV in the baseline cuts, we obtain the “Loose-pT (14) cuts” optimized for the (300-280)
benchmark scenario (mχ±1 = mχ02 = 300 GeV and mχ01 = 280):
EmissT > 60 GeV , pT (`) < 50 GeV ,
pT (`1)
pT (j1)
< 0.2,
EmissT
pT (j1)
> 0.9. (4.5)
We note that, for the 14 TeV LHC, we do not achieve a sizable improvement by using
the angular variable ∆φ(j1, EmissT ). The ratio variables alone are able to exploit the
ISR modified kinematics. Indeed, much harder cuts on ratio variables are derived
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Figure 6. Expected exclusion reach with “Loose-pT cuts” at LHC8 21/fb. The two scenarios
shown are gaugino decays via gauge bosons (left) or on-shell sleptons (right). The other details
of the figure are as described in Fig. 5.
300-280 cuts S S
B
S√
B
S√
B+(0.15·B)2
Loose-pT baseline (pT (`) >7, pT (j) >30, 56 0.018 1.0 0.12
min(mSFOS) >12,
mSFOS(Z) <81)
min(mSFOS) < ∆ 50 0.049 1.6 0.32
Loose-pT EmissT > 60, pT (`1) < 50 32 0.21 2.6 0.78
(14) cuts pT (`1)/pT (j1) < 0.2 17 0.64 3.3 2.59
EmissT /pT (j1) > 0.9 13 1.2 3.9 3.44
Table 3. Cut-flow with Loose-pT (14) cuts for the 300 − 280 benchmark at LHC14 300/fb.
The other details of the table are as described in Table 1.
compared to the previous Tight-pT and Loose-pT cuts at the 8 TeV LHC. This shows
the usefulness of the ratio variables especially at the high luminosity stage. Table. 3
shows the corresponding cut-flow and Fig. 7 shows the exclusion reach. In particular in
Fig. 7, we show the results only for the small-gap region because the large-gap search
is already well developed by the experimental collaborations. Again, we note that the
∆ . 12 GeV region is limited by the condition min(mSFOS) > 12 GeV. We expect
that gauginos up to about 320 GeV (700 GeV) with ∆ ∼ 30 GeV and 220 GeV (620
GeV) with ∆ ∼ 20 GeV can be probed if the gauginos decay via gauge bosons (light
on-shell sleptons).
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Figure 7. Expected exclusion reach with “Loose-pT (14) cuts” at LHC14 300/fb. The two
scenarios shown are gaugino decays via gauge bosons (left) or on-shell sleptons (right). The
other details of the figure are as described in Fig. 5.
5 Conclusions
In this paper, we propose new search strategies to enhance the sensitivity of the LHC
electroweakino searches in the small mass-gap region with ∆ ≡ m(χNLSP)−m(χLSP) ∼
(10 − 50) GeV. In particular, we focus on the 3` + EmissT final state arising from the
associated production of a chargino and a second lightest neutralino NLSPs. The main
background for this channel is the WZ productions.
One useful variable that distinguishes the signal from the background is the mini-
mum value of the invariant masses of same sign opposite flavor leptons (min(mSFOS)).
Signal events show a sharp edge at around ∆ while the distribution of background
events peak at around mZ . Therefore vetoing events with min(mSFOS) > ∆ can
sizably increase the S/B ratio.
Additionally, we point out the relevance of a relatively energetic ISR jet. Specif-
ically, we observe that the correlation between the missing energy and the pT of the
ISR jet can be significantly different in the signal and background samples. The strong
correlation between EmissT and pT (j1) of the signal is reflected in the distribution of the
ratio variable E
miss
T
pT (j1)
which peaks at around 1. Furthermore, EmissT and j1 are back-to-
back direction in the transverse plane creating a large ∆φ(EmissT , j1). These features are
particularly interesting because they hold generically true in small gap scenarios inde-
pendently on the overall SUSY mass scales. On the other hand, for the background, the
correlation is weaker, and both E
miss
T
pT (j1)
and ∆φ(EmissT , j1) tend to be smaller. Moreover,
to further increase the LHC sensitivity, we note that one can veto boosted leptons.
Signal leptons from small gap scenarios are in fact soft and receive only a small boost
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from the pT of the ISR jet. Background leptons are instead harder and more sensitive
to the boost of the ISR jet. This observation will be particularly relevant at the high
luminosity stage, at which one could require a larger ISR boost.
We note that triggering on very soft leptons may be an issue at the LHC. However,
we expect that the LHC lepton triggers can be supplemented by having a relatively
energetic ISR jet. Another limitation of our search strategy arises from the requirement
min(mSFOS) & 12 GeV which is used to suppress the background coming from low
mass hadronic resonances decaying to leptons. It would be interesting to develop
techniques to manage and reduce this background which will eventually allows to relax
the min(mSFOS) cut.
Using the proposed search strategies, we show that the LHC could already probe
NLSP gauginos up to 130 (300) GeV if the mass splitting is ∆ ∼ 20 GeV and gauginos
decay via gauge bosons (light sleptons). The 14 TeV LHC reach is instead pushed to
the multi-hundred GeV scale – gauginos up to 220 (620) GeV with ∆ ∼ 20 GeV and
up to 320 (700) GeV with ∆ ∼ 30 GeV can be probed with 300/fb data.
We finally note that our methods are based on general considerations on the inter-
play between the kinematics of the ISR and the decay products in the electroweakino
cascade decays. Therefore, we expect our methods can bring a similar enhancement
of the sensitivity in complementary channels such as the same sign dilepton and single
lepton channels.
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A Validation of the Monte Carlo event samples
We validate our Monte Carlo (MC) WZ background sample by comparing the mSFOS
spectrum calculated using Madgraph events with that obtained from the NLO theoret-
ical calculation in Ref. [41]. It is especially important to validate the mSFOS variable
since, as we explained in Sec. 2, it is one of the most useful variables discriminat-
ing between signal and background. Reproducing properly this spectrum may not be
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Figure 8. Validation of our WZ MC sample. The predictions of the invariant mass of
SFOS leptons are compared at the 2 TeV Tevatron. Blue-dashed line: NLO theoretical cal-
culation [41], Red-dashed line: our results without photons clustered into nearby leptons,
Red-thick line: our results after merging photons into nearby leptons. The events shown are
satisfying the cuts described in Ref. [41]. If an event has two SFOS pairs, both invariant masses
are histogramed with half the event weight. For comparison purposes, no lepton identification
efficiency is applied.
straightforward as it can be subject to various subtle effects: low-mass resonances, sin-
gular photonic backgrounds, and photon radiations off leptons. Thus, we specifically
use this spectrum to test and validate our MC generation of the background.
It turns out that the photon radiation off leptons have a rather important effect in
diluting the lepton momentum and modifying the invariant mass spectrum. The red
dashed line in Fig. 8 shows that, ignoring the photons in the final state significantly
smears the Z boson peak toward low mass regions. The effect is particularly relevant
for electrons, since they generically radiate more than muons. Not corrected properly,
this effect would degrade the sensitivity of our analysis to small gap regions, since the
Z boson peak will overlap more with the low invariant mass of the signal.
In practice, soft collinear photons radiated off of leptons will not be separately
identified at the LHC. To keep this into account, we cluster photons into nearby leptons
using the anti-kT algorithm with R = 0.4. If the clustered object has a lepton inside,
it is treated as a lepton. Furthermore, a lepton is called isolated if the scalar sum of
the pT of all particles within a radius R=0.4 from the lepton is smaller than 0.2 times
the pT of the lepton. As it can been seen from Fig. 8, with this procedure, we can
reproduce the NLO theoretical spectrum (blue dashed line in the figure) reasonably
well. This test can not only validate our MC method, but also support the robustness
of our computation of the mSFOS spectrum under higher order QCD corrections.
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pT (e) (GeV) (< 15) (15− 21) (21− 25) (25− 30) (30− 35) > 35
electron ID efficiency 66% 74% 86% 90% 94% 95%
Table 4. pT -dependent electron identification efficiency taken from Ref. [36].
For a better comparison with Ref. [41], in Fig. 8, we do not apply any lepton
identification efficiency. However, in our work, we cannot neglect this effect because we
use soft leptons which suffer from relatively low identification efficiency. In particular,
as shown in Table 4, for electrons we assume a pT -dependent efficiency that drops from
above ∼ 90% to below 70% for O(10) GeV [36]. For muons instead, we use a flat
efficiency of 91% for pT (µ) > 7 GeV [37]. The η-dependence is ignored.
Taking into account these effects, we are able to reproduce well theWZ background
results reported by the ATLAS collaboration in Ref. [11].
B Heavy versus light sleptons
In this section, we compare the distributions for the several kinematic variables pre-
sented in the text, in the case of heavy and light sleptons. Differences may arise since,
in the case of on-shell sleptons the chargino/second lightest neutralino decays proceed
through two subsequent two-body decays. In the case of heavy sleptons, instead, the
decays are three-body decays mediated by gauge bosons.
In Fig. 9, we report the distributions for the variables that show the largest differ-
ence in the case of light/heavy sleptons: the pT of the hardest and of the softest lepton
and min(mSFOS). We use events arising from the (150-120) benchmark, but we note
that the conclusion would not change, on condition of having a small-gap scenario.
As we observe from the figure, the differences between the case of on-shell sleptons
(in red) and heavy sleptons (in green) are minimal. Furthermore, in Fig. 9, we also
show the spectrums coming from a scenario with light, but off-shell, sleptons (we fix
m˜`
L
= mν˜ = 200 GeV for the benchmark represented in blue in the figure). Again we
note that the distributions differ only slightly.
We finally note that, in more realistic SUSY spectra, sleptons and sneutrinos are
split in mass. We checked that the distributions for our kinematic variables do not
appreciably change introducing a splitting between sleptons and sneutrinos.
For all these reasons, we apply our cuts optimized for the case of heavy sleptons to
the case of light sleptons (see Sec. 4)
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Figure 9. Comparison between the lepton spectrums obtained from NLSP gauginos decaying
via gauge bosons (“no slepton” case with green curve), off-shell sleptons (blue curve), or on-
shell sleptons (red curve). Events correspond to the (150-120) benchmark.
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